Thiamine pyrophosphate (TPP)-sensitive mRNA domains are the most prevalent riboswitches known. Despite intensive investigation, the complex ligand recognition and concomitant folding processes in the TPP riboswitch that culminate in the regulation of gene expression remain elusive. Here, we used single-molecule fluorescence resonance energy transfer imaging to probe the folding landscape of the TPP aptamer domain in the absence and presence of magnesium and TPP. To do so, distinct labeling patterns were used to sense the dynamics of the switch helix (P1) and the two sensor arms (P2/P3 and P4/P5) of the aptamer domain. The latter structural elements make interdomain tertiary contacts (L5/P3) that span a region immediately adjacent to the ligandbinding site. In each instance, conformational dynamics of the TPP riboswitch were influenced by ligand binding. The P1 switch helix, formed by the 5′ and 3′ ends of the aptamer domain, adopts a predominantly folded structure in the presence of Mg 2+ alone. However, even at saturating concentrations of Mg 2+ and TPP, the P1 helix, as well as distal regions surrounding the TPP-binding site, exhibit an unexpected degree of residual dynamics and disperse kinetic behaviors. Such plasticity results in a persistent exchange of the P3/P5 forearms between open and closed configurations that is likely to facilitate entry and exit of the TPP ligand. Correspondingly, we posit that such features of the TPP aptamer domain contribute directly to the mechanism of riboswitchmediated translational regulation.
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RNA | site-specific labeling | allosteric effect | structural preorganization | ergodicity R iboswitch elements located within noncoding regions of mRNA bind metabolites with high selectivity and specificity to mediate control of transcription, translation, or RNA processing (1, 2) . In a manner that is controlled by metabolite concentration, nascent mRNAs containing riboswitch domains can enter one of two mutually exclusive folding pathways to impart regulatory control: the outcomes of these folding pathways correspond to ligand-bound or ligand-free states (3) (4) (5) . These aptamer folds trigger structural cues into the adjoining expression platform, which, in turn, transduce a signal for "on" or "off" gene expression (6) (7) (8) (9) .
The thiamine pyrophosphate (TPP)-sensing riboswitch is one of the earliest discovered regulatory elements in mRNA that is prevalent among bacteria, archaea, fungi, and plants (10) (11) (12) . TPP riboswitches, sometimes present in tandem (13, 14) , control genes that are involved in the transport or synthesis of thiamine and its phosphorylated derivatives. The TPP-bound aptamer adopts a uniquely folded structure in which one sensor helix arm (P2/P3) forms an intercalation pocket for the pyrimidine moiety of TPP, and the other sensor helix arm (P4/P5) offers a water-lined binding pocket for the pyrophosphate moiety of TPP that engages bivalent metal ions ( Fig. 1) (15) (16) (17) . Like most riboswitch domains, structural information pertaining to the ligand-free TPP riboswitch is relatively lacking. Consequently, little is presently known about the determinants of alternative riboswitch folding pathways and how ligands regulate these events. A deeper understanding of both bound and unbound forms of the aptamer and expression platforms is required to gain mechanistic insights into the regulatory switch that they induce (9, (18) (19) (20) . The nature and timing of the foldingrecognition process in riboswitches imply potentially complex and rapid dynamic processes within the nascent RNA chain (21) . Knowledge of these events is therefore critical to achieving a complete understanding of riboswitch-mediated gene regulation.
Previous investigations have used a battery of distinct biophysical methods to explore the nature of the TPP ligand recognition process. Such studies include 2-aminopurine fold analysis (22) , small-angle X-ray scattering (SAXS) (23) (24) (25) , RNase-detected selective 2′-hydroxyl acylation (26, 27) , isothermal titration calorimetry (28, 29) , as well as single-molecule optical-trapping methods in which force was applied via the 5′ and 3′ ends of the RNA to directly monitor the energy landscape of TPP riboswitch folding and unfolding (30) . Investigations of this kind have provided an important framework for understanding global features of the TPP riboswitch aptamer domain, revealing that its structural compaction is enabled by physiological concentrations of Mg 2+ ions and enforced by TPP binding. Two additional, generally agreed upon, features of the TPP riboswitch have been derived from these experiments. First, secondary structures of the P2/P3 and P4/P5 ligand sensor arms form in the presence of Mg 2+ alone. Second, tertiary interactions between the two sensor arms (e.g., P3/L5) do not form in the absence of TPP binding. However, it is not yet clear how the collapse of the two helical domains and the formation of these tertiary interactions are influenced by ligand binding or whether they are essential to binding pocket formation. Here, we have used single-molecule fluorescence resonance energy transfer (smFRET) (31) (32) (33) imaging to track ligand-dependent changes in the TPP riboswitch from multiple structural perspectives to elucidate the relationship between TPP recognition and aptamer folding.
Results and Discussion
We initiated our smFRET investigations with the aim of sensing the dynamics of switch helix P1 within the minimal TPP aptamer construct derived from the Escherichia coli thiM motif (Fig. 1A) . Formation of helix P1 in the TPP aptamer domain is essential for ligand binding (22) . In thiM, the 3′-terminal nucleotides of the P1 helix (A85 through C88) function as the anti-anti-Shine-Dalgarno sequence (anti-anti-SD) that can alternatively pair with the anti-SD in the expression platform to release the ribosomal binding site (SD) from a large repressor stem (Fig. S1 ) to initiate translation (10, 22) . Correspondingly, "breathing" of stem P1, which is the thermodynamically weakest stem among all stems (P1-P5) in the TPP aptamer (30) , contributes directly to the switching and ligand recognition mechanisms of the TPP riboswitch.
To probe dynamics in this region, donor and acceptor fluorescent probes (Cy3 and Cy5) were covalently linked to positions U14 and U87, respectively, on opposite sides of helix P1 ( Fig. 2 A  and B) . Two RNA molecules were chemically synthesized bearing a 5-aminoallyl uridine modification at each of these positions. Following purification, both RNAs were fluorescently labeled in isolation, followed by enzymatic ligation (34) . To enable singlemolecule imaging over extended periods using a wide-field total internal reflection fluorescence microscopy setup, biotin was conjugated to position 29 within loop L3, a residue distal to tertiary interactions within the folded aptamer domain (Fig. 2 A and  B) . Using this approach, dynamics of helix P1 could be tracked over time by recording the emission intensities of both Cy3 and Cy5 fluorophores within hundreds (>500 for each experiment) of individual surface-immobilized molecules simultaneously (35) . From these data, fluorescence resonance energy transfer efficiency (FRET) was calculated ratiometrically (I Cy5 /(I Cy5 + I Cy3 ) to reveal estimates of time-dependent changes in distance between the individual fluorophores. Data were obtained at a high signalto-noise ratio (>5:1) and at an imaging rate of 66 frames per second (15-ms integration time) in both the absence and the presence of ligands under conditions that support extended stabilization of the Cy3 and Cy5 fluorophores (36) (Materials and Methods). Here, τ FRET was ∼3.5 s, limited predominantly by Cy5 fluorophore photobleaching. The dynamic behaviors of individual molecules were assessed using hidden Markov modeling procedures (Materials and Methods); ensemble information was obtained by assembling smFRET trajectories into population FRET histograms.
smFRET data obtained from the U14/U87-labeled construct are summarized in Fig. 2C . In the absence of Mg . Given the estimated positions of the Cy3 and Cy5 fluorophores within the P1 helix, the high-FRET state was attributed to a conformation in which the P1 helix is formed, whereas the intermediate-FRET state likely corresponds to a configuration in which helix P1 is not base-paired. Transitions to zero-FRET states were absent or rare, suggesting that such dynamics occur within the context of neighboring secondary and tertiary structures. Rarely, dispersed kinetic behaviors were observed in which a single molecule, residing predominantly in an intermediate-FRET state, rapidly converted to a predominantly high-FRET state (Fig. 2C , Lower Left). Such observations suggest that conformational changes elsewhere in the riboswitch influence helix P1 stability. As anticipated from these structural assignments, the high-FRET state became predominant in the presence of physiological concentrations of Mg 2+ ions (2 mM) ( Fig. 2C , Upper Center). Nonetheless, dynamics persisted in the P1 helix with rapid excursions into, and out of, intermediate-FRET configurations on the millisecond timescale (Fig. 2C , Lower Center). Saturating concentrations of TPP (100 μM) (19, 22) further stabilized the P1 helix. Here, TPP's predominant impact was to reduce residual dynamics in the system, suggesting a further stabilization of the P1 helix (Fig. 2C, Upper Right) . However, dynamic states were observed to persist in the presence of both Mg 2+ and TPP, as evidenced by sudden transitions of individual molecules into states that were highly dynamic in nature (Fig.  2C , Lower Right). These data suggest that distal conformational changes (e.g., in the binding pocket as well as the L5/P3 interaction) can occur in the context of bound ligands that regulate helix P1 stability.
We next set out to investigate aptamer constructs that would report on the dynamics of the forearms of the two ligand-sensor domains, P2/P3 and P4/P5 (Fig. 3A) . In the X-ray structure of the TPP-bound aptamer, P2/P3 and P4/P5 surround the TPP ligand, stabilized by a tertiary interaction between P3 and L5 ( Fig. 3 B-D) . This contact is mediated by nucleotide A69 of L5, which stacks between the neighboring nucleotide A70 and nucleoside C24 of sensor arm P3 (Fig. 3C) (15) . We therefore designed a surface immobilization and fluorophore-labeling strategy that would be sensitive to these tertiary contacts. To do so, we functionalized the 2′ hydroxyl group of C24 for Cy3 attachment using a 3-aminopropyl spacer and U68 with a 5-aminoallyl uridine base for Cy5 attachment (SI Materials and Methods). This construct bound TPP with an estimated K d of about 100 nM (Fig. S2) , comparable to the affinity reported for the unmodified aptamer (10, 28, 30) . The smFRET data obtained from the C24/U68-labeled RNA are depicted in Fig. 3E . In the absence of Mg 2+ , a highly populated, low-FRET state (0.2) was observed, flanked by a weakly populated configuration exhibiting intermediate FRET (0.45) . From the crystal structure of the closed configuration of the TPP aptamer (15) , the distance between the fluorophore attachment sites is estimated to be about 14 Å (Fig. 3D) , a distance that should result in a high-FRET signal (>0.8 FRET). Consistent with previous findings (24-28), these data suggest that the sensor arms are largely unable to form tertiary contacts in the absence of ligand.
In the presence of Mg
2+
, intermediate-FRET configurations also became slightly (∼5%) more pronounced (Fig. 3E, Center) . In addition, a high-FRET state (0.75) emerged that was transient in nature (Fig. 3E, Center) . Consistent with a structure in which the ligand-sensor arms are compacted toward each other as in the crystal structure (15) , the population of molecules occupying the high-FRET state increased substantially (∼25%) upon addition of saturating concentrations of TPP (100 μM). However, in contrast to the SAM-II riboswitch, where pseudoknot collapse was observed to be ∼80% complete in the presence of ligands (37) , the fully folded, high-FRET state of the TPP riboswitch plateaued at
Here, visual inspection of the smFRET data again revealed evidence of dispersive kinetic behaviors. Two predominant populations were observed: one in which a relatively stable high-FRET state was occupied, whose lifetime was on the order of photobleaching, and one in which a low-FRET state predominated with transient excursions to higher-FRET states. As expected for an ergodic system, individual molecules were observed to display both kinetic signatures before photobleaching, albeit infrequently (Fig.  3E, Right) . Together with the observations made while monitoring helix P1 dynamics, these data suggest that conformational changes within the TPP aptamer core and/or sensor arm domains, which occur on a relatively slow timescale, trigger alternate conformations in the TPP aptamer that either promote or disrupt P3/L5 interactions. Residual V1 nuclease cleavage of the L5 backbone under similar conditions provides an independent line of evidence for dynamics in this region (15) . In this context, it is noteworthy that nucleotides at the P3/L5 interface are poorly conserved (15) .
To further substantiate this finding, a second labeling strategy was designed to probe the relative positions of the two sensor arms of the TPP aptamer and the P3/L5 tertiary interaction. Here, the Cy3 and Cy5 fluorophores were again located within each forearm sequence (Cy3 at position 29 of P5 and Cy5 at position 62 of P3) but spatially distal from the P3/L5 interaction (Fig. 3D) . In good agreement with the distances evidenced in the ligand-bound state of folded TPP aptamer (∼30 Å between the dye-attachment points) (15) , the absolute values of the FRET configurations observed in this construct (0.2 low FRET; 0.6 high FRET) were altered (Fig. 3F) . Importantly, population and kinetic signatures similar to the C24/U68-labeled construct were observed across experimental conditions (Fig. 3F) . These data further corroborate the conclusion that residual dynamics between the ligand sensor arms persist in the bound state of the TPP aptamer.
To evaluate the contribution of tertiary interactions between P3 and L5 to the stability of the high-FRET state, we prepared a riboswitch construct in which an A69G mutation was introduced. This mutation was anticipated to reduce ligandinduced stabilization of the fully folded TPP aptamer by about 30% and thereby increase the off rate of the TPP ligand (30) . Remarkably, this mutant TPP aptamer displayed substantially increased dynamics in both the absence and presence of Mg 2+ and TPP ligands (Fig. 3G) . Here, the rates entering high-FRET configurations increased more than approximately threefold. This finding suggests that the A69G mutation globally alters the energies associated with the aptamer folding landscape. Counter to expectation, in the presence of TPP, the A69G construct consequently displayed modestly increased occupancy of the high-FRET state (0.75) (Fig. 3G, Right) . To more accurately assess the relative stabilities of the high-FRET state and the contribution of the P3/L5 interaction to this configuration in both the WT and A69G mutant, smFRET data were obtained on both constructs at a lower time resolution (150 ms) to enable the relative stabilities of high-FRET states to be assessed (Fig. 4) . Consistent with the P3/ L5 tertiary interaction contributing to the stability of the high-FRET state, the A69G mutation reduced the lifetime of the high-FRET state by ∼2.5-fold. However, as the A69G mutation also influenced the folding rates of distal regions of the TPP aptamer (e.g., the rate exiting the low-FRET state), we cannot presently distinguish here whether such effects are direct (e.g., through altered stacking interactions) or allosteric in nature.
To further explore and understand the complex dynamics of the TPP aptamer, we investigated another labeling pattern that was selected to report on the upper arm (P2/P4) orientation (WT/41-55, Fig. 5A ). Strikingly, this construct occupied a stable high-FRET configuration in both the ligand-free and the TPP-bound states. Rare transitions to lower-FRET states were consistent with the persistent dynamics observed in the other constructs examined. Such behaviors can be explained if the three-way junctional region (J3-2, P2, J2-4, P4) is prefolded in the absence of ligand. We consider this observation important for the overall TPP folding model because it implies that a preorganized P1/P2/P4 region serves as a platform for initial TPP recognition, where the P2/P4 elements are significantly less dynamic than the relatively dynamic P3/P5 forearms.
In this context, we note that our results are in accordance with the basic three-state model that was deduced from SAXS measurements, namely compaction in the presence of Mg 2+ and further compaction upon TPP binding (23, 25) . However, models that were built for the free TPP riboswitch by superposition on the corresponding SAXS density maps favored more elongated conformations between P2 and P4. We speculate that the unexpected dynamics of the TPP system may give rise to SAXS density maps that are difficult to interpret (23) .
Collectively, these observations reveal that both the apo-and ligand-bound TPP aptamer exhibit dynamics across a dispersed range of timescales. We interpret this finding in the context of a growing number of studies that report that RNA polymers can display structural transitions and hysteretic behaviors (38) . For Lifetimes for wild-type and A69G constructs were estimated by fitting each distribution to a double exponential decay function and determining the population weighted average of short-(∼100 ms) and longlived (approximate number of seconds) high-FRET states (WT ∼700 ms; A69G ∼275 ms). For both constructs, the long-lived high-FRET state constituted ∼20% of the dwells observed. The lifetimes of both short-and long-lived dwells were similarly reduced in the A69G context. the group I intron and the hairpin ribozyme, dynamics of this kind have been attributed to conformational "memory" (39) or what has been more recently described as a "persistent ruggedness" of the RNA folding landscape (40) . Such complexities imply "hidden" conformational changes in the molecule that have a direct impact on the observed signal. In the case of the TPP riboswitch, switch-like behaviors in dynamics were observed for the constructs designed to monitor formation of helix P1 (Fig. 2) as well as of P3/L5 tertiary contacts (Fig. 3) . We hypothesize that such behaviors arise from relatively slow conformational changes [also observed in other riboswitch systems (19, 33) ] within the core domain of the TPP aptamer within the J2-4 junction and related distortions in the RNA backbone at the union of the P4 and P5 helices (Fig. 1) . In the TPP aptamer crystal structure (15) , this site is at the base of the TPP-binding cleft, and alterations in this region are anticipated to propagate in the direction of both the P1 helix and the P3/L5 tertiary contact. This model stipulates that the TPP aptamer follows a multistep folding pathway, a conclusion that is directly supported by evidence to this effect obtained through optical trapping studies of the TPP aptamer domain under force (30) . It also suggests that the global stability of the aptamer fold is controlled by both TPP binding as well as hidden and intrinsic conformational events in the system. Such dynamics allow the aptamer sensor arms to exchange between a relatively open, "Y-shaped" configuration that has yet to be structurally defined and a configuration in line with the TPP aptamer domain crystal structure (15) , where the sensor arms fully collapse around the TPP ligand and P3/L5 interactions are formed. Opening of the sensor arms is likely to provide solvent access to the binding pocket and thus a plausible route for TPP entry and exit. This model implies that hinge-like movements of helix P5 relative to P4 (or P3 relative to P2), and the conformational events underpinning this exchange process, directly contribute to the global stability of the aptamer domain. Data obtained on the A69G mutant construct (Fig. 3G ) suggest that such processes are influenced at a distance by the L5 loop sequence. Notably, structural processes of this kind may also provide a plausible explanation for the dynamic instability observed in helix P1 in the presence of saturating ligand concentrations (Fig. 2) . Conversely, the intrinsic instability of the native helix P1 sequence contained within the TPP aptamer domain investigated here (4 bp) may also contribute allosterically to the dynamics of the P4/P5 junction. For many previous folding and structural investigations of the TPP aptamer domain, helix P1 was either extended or altered (15, 22, (24) (25) (26) (27) (28) to promote aptamer stability and compaction. In this view, the inherent instability of helix P1 may contribute directly to the mechanism of TPP riboswitchmediated translation.
To test the hypothesis that remote parts of the molecule (P1 and L5/P3) are dynamically coupled, we investigated the smFRET behavior of an additional construct with a thermodynamically stabilized (6 bp) stem P1 (WT P1stab /24-68, Fig. 6 ). Consistent with our proposed model, this RNA exhibited a 15% increased population of the fully folded, high-FRET state compared with the WT counterpart with a native 4-bp stem.
Previous investigations have shown that the process of TPP recognition is contingent on the formation of helix P1 (15, 22) . Formation of helix P1 orients stems P2 and P4 into the "Yshaped" P2/P1/P4 junction, which is relatively rigid at physiological Mg 2+ concentrations (Fig. 7) . This platform provides an initial interaction module for TPP that is composed of the junction J2-3 and the interface of P4 and P5. TPP binding favors a parallel alignment of the P3 and P5 sensor forearms and the formation of P3/L5 tertiary interactions. These contacts result in further stabilization of the P2/P1/P4 junction, sequestering the anti-anti-SD sequence encoded in the 3′ terminal sequence of the aptamer fold (Fig. S1) . In so doing, TPP binding diminishes the probability that the 3′ sequence element of the P1 helix is released to form competing interactions with the anti-SD sequence within the expression platform. As a consequence, TPP binding prevents translation initiation (off-regulation). Conversely, residual dynamics within the TPP aptamer enables TPP to exit its binding site temporally downstream of initial binding and TPP aptamer domain folding. In this context, it is important to note that RNA polymerase has been shown to pause immediately after synthesis of the E. coli thiM TPP aptamer within the expression platform at the sequence surrounding the ribosome-binding site (20) . As pausing of this nature would provide time for the equilibration of alternative folds and TPP sensing, the thiM riboswitch, like other riboswitch domains (9, 19, 20, 41) , is likely to exhibit aspects of both kinetic and thermodynamic control (9, 42) . The observed instability of the TPP aptamer fold and helix P1-in both the absence and the presence of saturating concentrations of the TPP ligand-also suggests that the thiM-mediated regulatory outcome during translation initiation may also be strongly influenced by sequence modifications and environmental variables (temperature and ionic conditions) and the extent to which conformational selection and adaptive-or induced-fit-processes (43) (44) (45) (46) contribute to ligand recognition.
Finally, the dynamic behavior of the TPP riboswitch is surprisingly distinct from other junctional riboswitches, such as purine and c-di-GMP riboswitches previously investigated by smFRET methods (32, 33, 47) . In those systems, long-range tertiary interactions formed between remote parts of the molecule distant from the actual ligand-binding sites were shown to be stably formed to efficiently interact with the ligand and, in turn, to allow for a mutually exclusive gene response.
Materials and Methods
For chemical solid-phase RNA synthesis, Cy3/Cy5 labeling, enzymatic ligations, and K d measurements, see SI Materials and Methods.
smFRET data were acquired using a prism-based total internal reflection microscope, where the biotinylated TPP riboswitch was surface-immobilized within PEG-passivated, strepatividin-coated quartz microfluidic devices (35) . The Cy3 fluorophore was directly illuminated under 1.5-kW·cm −2 intensity at 532 nm (Laser Quantum). Photons emitted from both Cy3 and Cy5 were collected using a 1.2 N.A. 60× Plan-APO water-immersion objective (Nikon), where optical treatments were used to spatially separate Cy3 and Cy5 frequencies onto two synchronized EMCCD devices (Evolve 512; Photometrics). Fluorescence data were acquired using MetaMorph acquisition software (Universal Imaging) at a rate of 66.7 frames per second (15-ms integration). Fluorescence trajectories were selected from the movie files for analysis using automated image analysis software coded in Matlab (MathWorks). Fluorescence trajectories were selected on the basis of the following criteria: a single catastrophic photobleaching event, at least 6:1 signal-to-background noise ratio calculated from the total fluorescence intensity, and a FRET lifetime of at least 30 frames (450 ms) in any FRET state ≥0.15. smFRET trajectories were calculated from the acquired fluorescence data using the formula FRET = I Cy5 /(I Cy3 + I Cy5 ), where I Cy3 and I Cy5 represent the Cy3 and Cy5 fluorescence intensities, respectively. Equilibrium smFRET experiments were performed in 50 mM potassium 3-(N-morpholino)propanesulfonate (KMOPS), 100 mM KCl, pH 7.5 buffer in the presence of an optimized triplet state quenching mixture and an oxygen-scavenging environment (1 unit protocatchuate-3,4-dioxygenase, 2 mM protocatechuic acid; 1 mM Trolox, 1 mM cyclooctatetraene, 1 mM nitrobenzyl-alcohol) (36) . Concentrations of MgCl 2 and TPP are as specified in the individual figure captions. FRET state occupancies and transition rates were estimated by idealization to a two-or threestate Markov chain model according to the FRET values obtained for each system by fitting to Gaussian distributions using the segmental k-means algorithm implemented in QuB (48) .
